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Abstract: Bulk piezoelectric micro-gyroscope is a miniaturized inertial sensor that uses a differential thickness-shear bulk  
mode of a PZT block as the drive mode of the gyroscope. In the paper, a second differential thickness-extensional mode is 
identified for the sense mode and mode–matching is proposed for the first time by proper design of the device geometries. 
Through finite element modal analysis, the frequencies of drive mode and sense mode are obtained when the length of the 
PZT block varies from 4.8mm to 5.6mm and the width of the PZT block varies from 3.0mm to 4.0mm. Using a fitting 
method, the empirical formulae with an excellent fit are induced to predict the influence of the length and the width of the 
PZT block on the drive and sense mode frequencies. Based on these empirical formulae, the mode-matching equations are 
introduced. The analysis results show that for a given thickness of the PZT block, the effect of the width on the drive mode 
frequency is prominant. Conversly, the effect of length on the sense mode frequency is dominant. The resonance frequencies, 
kinetic energy ratios, scale factors of gyroscope are compared to evaluate the mode quality. The results show that the kinetic 
energy in y-axis direction of the drive mode and the kinetic energy in z-axis direction of the sense mode increase with the 
thickness of the PZT block, and consequently the scale factor of the gyroscope increases. For a constant thickness of the 
PZT block the scale factor will decrease as the length increases. Through design optimization we present a 20 times 
improvement in the scale factor of the mode-matched gyroscope. Given the thickness of PZT block, the length and the 
width will be determined by the mode-matching equations mentioned. Generally, the analysis suggests that the resolution of 
the gyroscope improves by increasing the thickness PZT block.  
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Introduction 
    Vibratory micro-gyroscopes are widely used in military, automotive, and consumer electronics. The examples include 
missile control, autopilot systems, active suspension sensors, crash sensors, image stabilization in digital cameras, and smart 
user interfaces in handheld devices. 
Today, most of micro-machined vibrating gyroscopes are designed based on a discrete mass-spring structure, and they 
operate at relatively low frequencies (ω0=3-30kHz) [1,2]. If operated in 1-10mTorr vacuum, these micro-machined resonant  
gyroscopes can achieve quality factors values (Q) in the order of 50,000, which is mainly limited by thermoelastic damping 
(TED) in the flexing elements of the structure [3-5]. The fundamental mechanical Brownian noise of a Coriolis resonant  
gyroscope is given by [6]: 
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Where qdrive is the drive amplitude; ω0, M and QSense are the natural frequency, mass and effective quality factor at the sense 
mode, respectively; kB is the Boltzmann constant and T is the absolute temperature. The formula (1) is used for mode- 
matched micro-gyroscope and represents the effect of sense mode quality factor on improving the resolution. Based on this 
equation The drive resonant frequency of this micro-gyroscope is about 300KHz. According to (1), higher frequency and 
increased the efficient masses of the gyroscope resonant structure  will work to improve the mechanical Brownian noise..  
     Maenaka et al have proposed the novel piezoelectric solid micro-gyroscope. The advantages of such a design 
compared to the traditional counterparts are its simple structure, robustness to crash or collision, and no requirement on 
vacuum package. It has been shown that in a higher order resonance mode, the vibrations for every point in the resonant 
structure  are almost in one direction and differential on the adjacent edges of the prism and this special mode can be used 
as the primary mode [7-11]. The author proposed a piezoelectric solid micro-gyroscope with concentrated masses at corners 
of top and bottom surfaces of the resonant structure [8,9].  
    In the paper, we propose to further improve the performance of solid gyroscopes through mode-matching for the first 
time. At first, the working principle of this mode-matched piezoelectric micro-gyroscope is presented. Then, the modal 
analyses are described and based on the result of analysis, optimization of the mode-matched piezoelectric micro-gyroscope 
is concluded. The results show that the scale factor of the piezoelectric micro-gyroscope can be improved greatly through 
mode-matching. 
 
Working principle of piezoelectric bulk mode micro-gyroscope with mode-matched 
    In resonant gyroscopes, two kinds of vibrations are utilized. One is the drive vibration (or the reference vibration), and 
the other is the sensing vibration. The energy of the sensing vibration is converted from the drive vibration due to the 
Coriolis effect induced by the rotation in the sensitive direction. Therefore, the frequency of sensing vibration is the same as 
that of the driving vibration. For mode-matched gyroscopes, the frequencies of the driving and sensing vibrations are 
matched with two resonant mode of the structure to increase the efficiency of energy conversion. Therefore, under 
mode-matched condition, the frequencies of drive mode and sense mode coincide. For mode-matched vibratory gyroscopes, 
the sensing vibration is magnified by its quality factor to improve its resolution [12].  
    However, in practice the frequencies of the two modes are not going to end up perfectly matching either as a result of 
inevitable process errors and/or relative shift of frequency as a function of environmental parameters such as temperature. 
Therefore, the Q amplification effect can quickly vanish or the output of the gyroscope becomes very sensitive to 
environmental parameters if the quality factor of the sense mode is high. This can be better understood by considering 
equation (2) through which it is shown that  the half-power bandwidth Δf is proportional to the resonance frequency f0 of 
sensing vibration and is inversely proportional to quality factor Q:  
∆𝑓 = 𝑓0
𝑄
                                              (2) 
    In order to mitigate this limitation several approaches have been proposed including gyroscopes with multiple sense 
modes that result in a filter-like frequency responses with increased range of frequency for which the Q-amplification is 
relatively constant [13]. Also, there are some micro-machined vibratory gyroscopes whose sensing vibration works near the 
resonance mode or not in the resonance mode to increase its working bandwidth [14,15]. For the bulk piezoelectric 
micro-gyroscope, the mechanical damping is relatively large for PZT material, and its material quality factor 𝑄 is normally 
not larger than 100. Also, the operation frequency of bulk piezoelectric micro-gyroscope is larger than that of conventional 
micromechanical vibratory gyroscopes. Considering these two factors, the bulk piezoelectric micro-gyroscope can operate 
in the mode-matched condition without significant loss of bandwidth. 
    Fig.1 schematically shows the working principle of bulk piezoelectric micro-gyroscope. The PZT rectangular block  
is polarized along the z-axis. The drive mode of the bulk piezoelectric micro-gyroscope is a differential thickness shear  
resonance mode, in which the strain will change polarity along the thickness and the length of the block The differential 
drive vibration along the y-axis (u) is shown in fig1. When the driving voltage are applied on electrodes D+ and D-, the 
drive vibration is excited in the PZT resonator. If there is no rotation input, the voltage amplitudes on the sensing electrodes 
S1, S2, S3, S4 are equal. The reference electrodes R1, R2 are used to monitor the drive vibration. When there is rotation 
input in the y-axis direction, the Coriolis forces are induced in the z-axis direction. Then, voltage amplitudes on the sensing 
electrodes are no longer equal and their differential values will develop that correlate to the rotation input in the y-axis 
direction. The electrodes on the bottom surface of PZT resonator are the same as those on the top surface. 
   Through finite element analysis of PZT rectangular parallelepiped, The mode shape for the drive and the sense mode are 
identified and shown in Fig. 2(a) and 2(b) respectively. For the drive mode, the strain is mainly in the y-axis direction, 
whereas for the sense mode strain is mainly in the z-axis. This is consistent with the working principle of the bulk 
piezoelectric micro-gyroscope shown in Fig.1. In order to get the mode-matched, the resonant frequency of both vibration 
modes should equal. The factors which affect resonant frequencies of drive mode and sense mode include dimension of the 
PZT block and the material properties. The PZT material presumed in this paper is PZT-5H. We will study the influence of 
resonator sizes on the mode matching for this kind of gyroscope. This includes the effect of length (L), width (W) and 
thickness (T) of the PZT resonator on its drive mode frequency and sense mode frequency. Then, we can find the 
requirement of mode-matched on the sizes of the resonator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 working principle of bulk piezoelectric micro-gyroscope (D+, D-: driving electrodes; S1, S2, S3, S4: sensing electrodes; R1, R2: reference 
electrodes; P: poling direction of PZT; Fc: Coriolis forces; u: resonant displacement) 
 
    For the perfect drive vibration or sensing vibration, the points in the PZT block only vibration in only one direction. As 
shown in fig. 2, for the drive vibration, the vibration direction is in the y-axis direction, and for the sensing vibration, the 
vibration direction is in the z-axis direction. However, the spurious modes, which make the PZT block vibrate in other 
directions, always exist. From fig.2(a), it is not difficult to notice the spurious mode of thickness flexure. Through the 
optimized design in the paper, the spurious mode is minimized to improve performance of the gyroscope.  
 
 
. 
 
Fig 2(a) drive mode                             Fig.2(b) sense mode 
Fig.2 The color of contour represents the displacement in y axis direction 
 
    The material properties  of PZT-5H (poling in z direction) used are as follows: elastic coefficients s11=16.5×10-12 
m2/N, s12=-4.78×10-12 m2/N, s13=-8.45×10-12 m2/N, s33=20.7×10-12 m2/N, s55=43.5×10-12 m2/N, s66=42.6×10-12 m2/N; 
y 
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piezoelectric strain constant d31=-274×10-12 m/V, d33=593×10-12 m/V, d 15=741×10-12 m/V; relative electric permittivity 
ε11=3130, ε33=3400. 
    According to the piezoelectric theory, the constitutive relation of electric variants and mechanic variants is set through 
these material parameters. The constitutive relations is shown in formula (3). 
𝑆 = 𝑠𝐸 ∙ 𝑇 + 𝑑𝑡 ∙ 𝐸 D = 𝑑 ∙ 𝑇 + 𝜀𝑇 ∙ 𝐸                                        (3) 
S: strain vector; 
T: stress vector; 
D: electric charge density displacement vector; 
E: electric field vector; 
s: piezoelectric compliance matrix; 
ε: electric permittivity matrix; 
d: piezoelectric coupling coefficients matrix for strain-charge form; 
 
Modal analysis of bulk piezoelectric micro-gyroscope 
    In the modal analysis, we select ANSYS as the finite element tool. Piezoelectrics is the coupling of structural and 
electric fields, which is a natural property of some crystals (quartz, etc) and ceramics (PZT, etc). In ANSYS, the elements of 
SOLID5, SOLID98, SOLID226 and SOLID227 can be used as the 3D piezoelectric multiphysics analysis. Here, we select 
SOLID227 as the element type. Comparing with other elements, SOLID226 is a kind of higher order element, which has 20 
nodes for each element. Higher precision can be obtained through using SOLID226 element. SOLID226 has strong 
coupling function. Besides piezoelectric coupling, it can also include Coriolis effect in the analysis, and this provides 
convenience for the further gyroscope resolution analysis. 
    Concerning the small size of PZT resonator, we will change the length from 4.8mm to 5.6mm, and the width from 
3.0mm to 4.0mm, and the thickness from 2.8mm to 3.2mm.  
    In the modal analysis, the meshing result of the PZT rectangular parallelepiped is shown in Fig.3. We decreased the 
element size small enough to get the convergence results. Here, the length and width of element are selected as 0.25mm, 
and the height is 0.1mm. The elements and the nodes number depend on the size of the PZT resonator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 meshing result of finite element model (with length: 4.8mm, width: 3.21, height: 2.8mm, elements number: 7280, nodes number: 32795) 
     
    Fig.4 gives the results of dependence of drive mode (shown as fig.2(a)) frequency on length and width of PZT block. 
From Fig.4(a), we can see that as the length of PZT block increases, the drive mode frequency decreases. However, the 
frequency decrease rate is very slow. From Fig.4(b), we can see that as the width of PZT block increases, the drive mode 
frequency decreases relatively quickly. For this analysis, the thickness of the PZT block is set to be 3mm. 
 
 
Fig.4 Dependence of drive mode frequency on length and width of PZT block 
     
    From fig.4, we can find that for a given thickness of PZT block, the drive mode frequency is only dependent on length 
and width of the block. In order to obtain a general relation between the drive mode frequency (fref) and length (l), width (w) 
of the PZT block, we use the cubic polynomial to fit this dependent relation, as shown in formula (4).  
 
𝑓ref = 1805 − 458.7𝑤 − 294.2𝑙 − 50.83𝑤2 + 176.7𝑤𝑙 − 8.746𝑙2 + 24.47𝑤3 − 35.03𝑤2𝑙 + 6.938𝑤𝑙2 − 0.8542𝑙3 (4) 
    Here, w and l refer to width and length of PZT block respectively. 
    The goodness of fit is[16]: 
    SSE (Sum of Squares due to Error): 4.591; R-square: 0.9999; RMSE (Root Mean Squared Error): 0.2359 
    Formula (4) gives a very accurate estimate of drive mode frequency when thickness of PZT block is 3.0mm. 
    Fig.5 gives the dependence of sense mode (shown as fig.2(b)) frequency on length and width of PZT block. From 
Fig.5(a), we can see that as the length of PZT block increases, the sense mode frequency decreases relatively quickly. From 
Fig.5(b), we can see that as the width of PZT block increases, the sense mode frequency increases, but the frequency 
increasing rate is slow. For this analysis, the height of the PZT block is set to be 3mm. 
 
 
                        Fig.5 Dependence of sense mode frequency on length and width of PZT block 
 
    Same as that of drive frequency, we also get the fitting relation between length (l), width (w) and sense mode frequency 
using cubic polynomial, as shown in formula (5). 
 
𝑓sense = 946.2 − 69.97𝑤 − 321.4𝑙 − 5.602𝑤2 + 48.79𝑤𝑙 + 53.91𝑙2 − 3.23𝑤3 + 7.753𝑤2𝑙 − 11.11𝑤𝑙2 − 1.595𝑙3   (5) 
 
    The goodness of fit is: 
    SSE (Sum of Squares due to Error): 0.2496;  R-square:1;  RMSE (Root Mean Squared Error): 0.05296 
 
In order to meet the mode matching condition, then 
 
𝑓ref = 𝑓sense                                                (6) 
 
Taking formula (4) and (5) into (6), equation (7) is obtained. 
 
858.8-388.73w+27.2l-45.228w2+127.91wl-62.656l2+27.7w3-42.7830w2l+18.048wl2+0.7408l3=0          (7) 
 
     Formula (7) gives the condition that should be met to get mode-matched gyroscope when thickness of the 
piezoelectric block is 3mm. Because formula (7) is derived from the simulation data when length is ranged from 4.8 to 
5.6mm, and width is ranged from 3.0 to 4.0mm, the estimate error will become large when length or width of the PZT block 
is out of their range mentioned. 
     Using the same method, we obtained the mode-matched conditions of bulk piezoelectric micro-gyroscope when 
thickness of the piezoelectric block is 2.8mm (formula (8)), 2.9mm(formula(9)), 3.1mm(formula(10)), 3.2mm(formula(11)) 
respectively. 
 
3641-854.1w-1321.2l-38.795w2+297.25wl+145.3l2+27.913w3-42.45w2l+0.554wl2-8.5901l3=0            (8) 
1883.6-592.33w -439.4l -31.687w 2+186.45wl +7.47l2+26.955w3-42.97w 2l +12.211wl2-2.2741l3=0          (9) 
370-303.8w+247.7l-48.57w2+102.92wl-94.51l2+27.173w3-41.868w2l+19.999wl2+2.0925l3=0           (10) 
406+361.2w -722.87l+19.20w2-89.88wl+178.79l2-25.02w3+43.775w2l-22.48wl2-6.714l3=0            (11) 
 
    The equation of formula(7), (8), (9), (10 ) and (11) can be plotted in one figure, as shown in Fig.6. In figure, any point 
on each curve represents a couple of width and length value, for which the matched-mode can be obtained. Each curve 
corresponds to a kind of PZT block thickness. From the figure, we can see that as the thickness of PZT block is larger, the 
curve become steeper. That is to say, as the thickness is larger, the mode-matched condition become more sensitive with 
width value. In order to evaluate the mode quality, we select 3 points from each curve, and research the mode quality for 
each point. 
Fig.6 mode-matched condition of width and length of PZT block 
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Evaluation of modes quality of drive vibration and sensing vibration. 
    As shown in fig.6, the PZT block with the size corresponding to each point in the curve can get the drive and sense 
mode-matched. From the analysis of the gyroscope principle, we know that for the perfect vibration modes, the vibration in 
drive mode and sense mode are in only one direction. However, there are always spurious modes coupled in the drive mode 
and sense mode. The spurious modes usually vibrate in other directions different from the direction of drive mode or sense 
mode. These spurious modes influence the mode quality of drive vibration and sensing vibration. From the aspect of kinetic 
energy, we analyzed the modes quality of drive vibration and sensing vibration. 
    We defined three indicators to evaluate the kinetic energy ratio in three orthogonal directions, as shown in formulae 
(12)-(14). Here, KEx, KEy, KEz, are the kinetic energy in the x-axis, y-axis and z-axis direction respectively. KEt is the total 
kinetic energy. REx, REy, REz are kinetic energy ratio in three orthogonal directions. For the drive mode with higher quality, 
REy should be larger. For the sense mode with higher quality, REz should be larger. 
𝑅Ex = 𝐾Ex𝐾Et  
(12) 
𝑅Ey = 𝐾Ey𝐾Et  
(13) 
𝑅Ey = 𝐾Ez𝐾Et  
(14) 
𝐾Et = 𝐾Ex + 𝐾Ey + 𝐾Ez 
(15) 
𝐾Ex = �12𝑚𝑖𝑣x𝑖2𝑁
𝑖=1
 
(16) 
 
N: number of element in the finite element analysis, mi: mass of the ith element, vxi: velocity in x-axis direction of the ith 
element. 
𝑢x𝑖 = Ux𝑖 ∙ sin (𝜔t)                                       (17) 
uxi: displacement in x-axis direction of the ith element, Uxi: vibration amplitude in x-axis direction of the ith element, ω: 
vibration angular frequency 
𝑣x𝑖 = d𝑢x𝑖dt = Ux𝑖 ∙ ω ∙ cos (𝜔t) 
 (18) 
𝐾Ex = �12𝑚𝑖(Ux𝑖 ∙ ω ∙ cos (𝜔t))2𝑁
𝑖=1
 
(19) 
𝐾Ey = �12𝑚𝑖�Uy𝑖 ∙ ω ∙ cos (𝜔t)�2𝑁
𝑖=1
 
(20) 
𝐾Ez = �12𝑚𝑖(Uz𝑖 ∙ ω ∙ cos (𝜔t))2𝑁
𝑖=1
 
(21) 
As shown in fig.3, every element has equal mass due to map meshing. Then, from (12), (13), (14) and (15), we get  
𝑅Ex = ∑ (Ux𝑖)2𝑁𝑖=1
∑ (Ux𝑖)2𝑁𝑖=1 + ∑ �Uy𝑖�2𝑁𝑖=1 + ∑ (Uz𝑖)2𝑁𝑖=1  
(22) 
𝑅Ey = ∑ �Uy𝑖�2𝑁𝑖=1
∑ (Ux𝑖)2𝑁𝑖=1 + ∑ �Uy𝑖�2𝑁𝑖=1 + ∑ (Uz𝑖)2𝑁𝑖=1  
(23) 
𝑅Ez = ∑ (Uz𝑖)2𝑁𝑖=1
∑ (Ux𝑖)2𝑁𝑖=1 + ∑ �Uy𝑖�2𝑁𝑖=1 + ∑ (Uz𝑖)2𝑁𝑖=1  
(24) 
Uxi, Uyi, Uzi can be extracted from finite element results. 
    As shown in fig.6, we select 3 points from each curve to evaluate their mode quality. The PZT block size and resonant 
frequency corresponding to each point is listed in table 1. 
 
Table 1 size, resonant frequency, kinetic energy ratio, gyroscope scale factor of typical points on fitting mode matched curve 
Point Size(mm) fr, fs (KHz)* Kinetic energy ratio** SF(μV/rad/s)*** 
A1 L:5.0, W:3.248, T:2.8 408.07, 408.10 REy:0.4202, REz:0.3412 82.23 
A2 L:5.2, W:3.303, T:2.8 400.27, 400.23 REy:0.4060, REz:0.2703 70.66 
A3 L:5.4, W:3.378, T:2.8 391.07, 391.08 REy:0.3949, REz:0.2035 63.78 
B1 L:5.0, W:3.321, T:2.9 400.20, 400.20 REy:0.4330, REz:0.3938 81.80 
B2 L:5.2, W:3.360, T:2.9 394.97, 394.01 REy:0.4191, REz:0.3342 77.71 
B3 L:5.4, W:3.415, T:2.9 386.70, 386.72 REy:0.4066, REz:0.2658 69.86 
C1 L:5.0, W:3.409, T:3.0 391.26, 391.26 REy:0.4443, REz:0.4317 88.25 
C2 L:5.2, W:3.435, T:3.0 386.28, 386.27 REy:0.4308, REz:0.3859 86.70 
C3 L:5.4, W:3.474, T:3.0 380.47,380.48 REy:0.4177, REz:0.3269 80.32 
D1 L:5.0, W:3.507, T:3.1 382.41, 382.41 REy:0.4551, REz:0.4600 85.23 
D2 L:5.2, W:3.525, T:3.1 378.24, 378.23 REy:0.4428, REz:0.4256 88.44 
D3 L:5.4, W:3.553, T:3.1 373.47, 373.50 REy:0.4289, REz:0.3794 87.75 
E1 L:5.0, W:3.605, T:3.2 372.91, 372.91 REy:0.4653, REz:0.4804 90.14 
E2 L:5.2, W:3.616, T:3.2 369.25, 269.26 REy:0.4546, REz:0.4539 89.20 
E3 L:5.4, W:3.633, T:3.2 365.35, 365.27 REy:0.4418, REz:0.4190 90.56 
*: fr, drive resonant frequency calculated from fit formulae; fs, sensing resonant frequency calculated from fit formulae  
**: REy, ratio of kinetic energy caused by y-axis velocity to total kinetic energy in the drive mode vibration; REz, ratio of kinetic energy caused by 
z-axis velocity to total kinetic energy in the sense mode vibration 
***: scale factor calculating from the voltage difference on the two adjacent sensing electrodes, the sizes of driving electrodes are same, and the 
driving voltage amplitude is same. 
 
    Table 1 gives the characteristic parameters of typical points on the mode-matched curves shown in fig.6, and these 
parameters include size of PZT block, the drive resonant frequency and the sensing resonant frequency, y-axis kinetic 
energy ratio of drive mode vibration and z-axis kinetic energy ratio of sense mode, scale factor of gyroscope. Analyzing the 
data shown, we can find that when length is same, as the thickness of PZT block becomes larger, REy, REz and scale factor 
become larger. Here, scale factor refers to the voltage difference on two adjacent sensing electrodes when 1 rad/s rotation is 
input in the sensitive direction. These validate the analysis in the gyroscope principle. That is to say that increasing the 
portion of drive vibration in y-axis direction and the portion of sensing vibration in z-axis direction will improve the 
gyroscope precision. For all of these points, the drive modal frequency and sensing modal frequency almost equal, so the 
drive and sense mode-matched is obtained for these points. When the thickness of PZT block is same, increasing the length 
of PZT block will decrease the portion of drive vibration in y-axis direction and the portion of sensing vibration in z-axis 
direction, and this will decrease the scale factor the gyroscope, especial when thickness is smaller. 
 
Conclusion 
    Bulk piezoelectric micro-gyroscope is a miniaturized inertial sensor that uses a thickness-shear mode of PZT block as 
the drive mode of the gyroscope. In the paper, a second thickness-extension mode is found as the sense mode, and 
mode-matched concept for this bulk piezoelectric micro-gyroscope is firstly proposed. Through finite element modal 
analysis, the frequencies of drive mode and sense mode are obtained when length of PZT block changes from 4.8mm to 
5.6mm and the width of PZT block changes from 3.0mm to 4.0mm. Using fitting method, the empirical formulae with an 
excellent fit are induced to predict the influence of length, width of PZT block on the drive mode frequency and sense mode 
frequency. Based on the empirical formulae of drive mode frequency and sense mode frequency, the mode-matched 
equations are introduced.  Five mode-matched equations are obtained in the paper, each standing for thickness of PZT 
block, 2.8mm, 2.9mm, 3.0mm, 3.1mm, 3.2mm respectively. The effect of the width on the drive mode frequency is 
prominant. Conversly, the effect of length on the sense mode frequency is dominant. Therefore, given the thickness of PZT 
block, the width influences drive frequency more, and the length influences sensing frequency more. 
    In order to evaluate the mode-matched quality, 15 points are picked up from the five mode matched relation curves, 
and their resonance frequencies, kinetic energy ratios, scale factors of gyroscope are compared. The results indicate that 
larger thickness of the PZT block is good for increasing the kinetic energy in y-axis direction of drive mode and the kinetic 
energy in z-axis direction of sense mode, and then increase the scale factor of the gyroscope further. Given the thickness of 
PZT block, larger length will decrease the scale factor. 
    We also calculated the PZT block with the size (5mm length×4mm width×3mm thickness) without mode-matched. 
With this size, the drive modal frequency is 352.252KHz and the sensing modal frequency is 396.434KHz. With the same 
sizes of driving electrodes and the same driving voltage amplitude, we got the scale factor 4.59μV/rad/s at drive modal 
frequency of 352.252KHz. Comparing with the simulated results of the mode-matched model shown in table 1, the scale 
factor of the mode-matched gyroscope has improved nearly 20 times better. 
    Structure of piezoelectric bulk mode micro-gyroscope is very simple, and it is just a PZT block. However, for the 
mode-matched micro-gyroscope of this kind, it has very strict requirement on its size. Given the thickness of PZT block, the 
length and width will be determined according to the mode-matched condition. The mode-matched condition also indicates 
that the thicker of the PZT block is, the condition is more sensitive with the width. This will make the fabrication more 
difficult. 
    The performance of the piezoelectric bulk mode micro-gyroscope is also influence by the shape and size of electrodes 
distributed on the top and bottom surfaces of PZT block. This will be considered in the further research. 
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